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Summary 
The National  Bureau  of  Standards (NBS) has 

proposed a p a r t i c u l a r   a p p l i c a t i o n   o f   t h e   c l e a r  
access  channel C/A o f   t h e   G l o b a l   P o s i t i o n i n g  
System (GPS) s i g n a l   u t i l i z i n g   t h e   f a c t   t h a t   t h e  
l o c a t i o n   o f   t w o   e a r t h   s t a t i o n s  may be known. 
Hence, i f  one  has common-view o f  a s i n g l e   s a t e l l i t e  
f rom  these  two  ear th   s ta t ions ,   exce l len t   t ime 
t r a n s f e r   c a p a b i l i t y   e x i s t s .  NBS has  developed a 
p r o t o t y p e   r e c e i v e r   f e a t u r i n g   e x t r e m e l y   h i g h   t i m e  
t rans fe r   accu racy  and low  cost .  Even though one 
may n o t  know the   abso lu te   de lays   th rough  the  
rece ive rs ,  one can do abso lu te   t ime   t rans fe r   by  
knowing  the  d i f ferent ia l   de lay  between  two  re-  
ce i ve rs .  

The r e c e i v e d   s a t e l l i t e   s i g n a l s  gave  an RMS 
t i m e   f l u c t u a t i o n   o f   t h e   r e c e i v e r   o u t p u t   a s  good  as 
3.5  nanoseconds f o r  an omni antenna  using  15 
second  averages. The noise was cha rac te r i zed  as 
white  noise  phase  modulat ion,  which  can  be  averaged 
below  the  systemat ics,   which  are  about 1 nano- 
second  over a thermal  range of   severa l   degrees 
about  ambient. The day- to -day   t ime  f luc tua t ions ,  
when measur ing  the  t ime  d i f ference  between  the NBS 
Boulder  and U.S. Naval  Observatory (USNO) 
Washington, D.C .  were  about 5 ns. 

The sof tware  and  the  receiver   are  conf igured 
t o  be f u l l y   a u t o m a t i c   w i t h  a Z80A microprocessor 
s e t t i n g   t h e   a m p l i t u d e   f o r   t h e   l o c k   l o o p s   o f   t h e  
rece iver   and  se t t ing   the   syn thes izer   wh ich   cor rec ts  
f o r   t h e  nominal   Doppler   sh i f t .  The r e c e i v e r   a l s o  
has a un ique  fea ture   o f   us ing   the   mic roprocesser  
t o   c a l i b r a t e  a 0.1 ns b u i l t - i n   t i m e   i n t e r v a l   c o u n t -  
e r .  All t h a t   i s   r e q u i r e d  on t h e   p a r t   o f   t h e   u s e r  
i s  a l o c a l  1 pps t i c k  and a 5 MHz s i g n a l ,   p l u s  his 
1 oca1 coord inates.  

Key Words: Automatic  t ime  comparison; deep  space 
n e t w o r k ;   d i f f e r e n t i a l   t i m e   t r a n s f e r ;   f r e q u e n c y  
t rans fer ;   in te rna t iona l   t ime  compar ison ;   p r imary  
frequency  standards; S I  second; G loba l   Pos i t ion ing  
System. 

I n t r o d u c t i o n  

The a d v e n t   o f  GPS has  opened other  doors 

b e s i d e s   n a v i g a t i o n   f o r   a p p l i c a t i o n s   u s i n g   t h i s  

system. I n   p a r t i c u l a r ,   t h e   s t a f f   a t   t h e  Time  and 

Frequency   D iv is ion   o f  NBS have c a p i t a l i z e d  on t h e  

i d e a   o f   u s i n g  a s i n g l e  GPS s a t e l l i t e   s i g n a l   i n  

common view a t  two f i x e d  and known coord ina te  

l o c a t i o n s  on the   su r face   o f   t he   ea r th ,   e .g . ,  NBS 

... .. . ~ ~ 

i n  Boulder, CO, USNO i n  Washington, DC, Na t iona l  

Research  Council (NRC) i n  Ottawa, Canada, 

Physikal isch-Technische  Bundesanstalt  (PTB) i n  

Braunschweig, West Germany, o r   t h e  Bureau 

I n t e r n a t i o n a l  de 1'Heure  (BIH) i n  Paris,  France. 

S ince   nav iga t ion   i s   no t   necessary ,   th is   sys tem  can 

b e   t u r n e d   i n t o  a pu re   t ime   t rans fe r   t echn ique   f o r  

ach iev ing  a s i g n i f i c a n t  amount o f  common-mode 

c a n c e l l a t i o n   o f   e r r o r s .   I n   p a r t i c u l a r ,  any s a t e l -  

l i t e   c l o c k   e r r o r s   d i s a p p e a r  when t h e   d i f f e r e n c e   i s  

taken  be tween  the   rece ived  t imes  a t   the   two  s i tes ;  

t h e   e p h e m e r i s   e r r o r s   f o r   t h e   s a t e l l i t e   m i g h t  be 

reduced by an  order   o f   magni tude  or  more depending 

upon  the  s ize  and  d i rect ion  o f   the  ephemer is  

er rors ,   and upon the  basel ine  d is tance  between  the 

two   ea r th   s ta t i ons .  I f  convenient   t imes  are 

chosen,  there may be s i g n i f i c a n t  amounts o f  common- 

mode c a n c e l l a t i o n   i n   t h e   i o n o s p h e r e   o f   t h e   t w o  

p a t h s   f r o m   t h e   s a t e l l i t e   t o   t h e   t w o   g r o u n d   s t a -  

t i o n s .  A previous  paper has  been  published  showing 

the   es t ima ted   e f fec ts   o f   t hese   va r ious   e r ro r  

sou rces ,   t he   resu l t s   o f   wh ich  gave s i g n i f i c a n t  

encouragement t o  p u r s u e   t h i s   t y p e   o f  approach. 
Over   the   course   o f   about   the   las t  1% years, a 

few o f   t h e   s t a f f   o f   t h e  Time  and  Frequency D i v i s i o n  

a t  NBS have  vigorously  pursued  the  design,  con- 

s t r u c t i o n ,  and t e s t i n g   o f  a rece iver   to   accompl ish  

these  goals.  The basic  design  goals  were  h igh 

accuracy  and  low  cost so t h a t   h o p e f u l l y  some 

i n d u s t r y   c o u l d   c a p i t a l i z e  on the  research  and 

development e f f o r t  and make t h e  same a v a i l a b l e  on 

t h e  open  market t o  a s i g n i f i c a n t  number o f   i n t e r -  

ested  users. On 4 May 1981, t h e   p r o t o t y p e   r e c e i v e r  

a t  NBS was l o c k e d   t o  a GPS s a t e l l i t e   s i g n a l  on   the  

f i r s t  attempt. The r e s u l t s   o f   t h e   r e c e i v e d   d a t a  

t h e r e a f t e r  w i  11 be  presented i n   p a r t   i n   t h e  body 

o f   t he   paper .  
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One o f  t h e   c o s t - c u t t i n g   a s p e c t s   t h a t  has  been 

i n c o r p o r a t e d   i s   t o  use  the C/A s igna l   on l y ,   s i nce  

p r e l i m i n a r y   s t u d i e s  showed t h a t  it would  have 

adequate  accuracy t o  meet t h e   d e s i g n   g o a l   o f  

b e t t e r   t h a n  10 ns wor ldwide   t ime  t rans fer   us ing  

t h e  comnon-view  approach. 

Rece iver   Conf igura t ion  

Hardware  Configuration. The system  consists  of  

three  rack-mounted  chassis,  13.3 cm (5% in.) H x 

40.6 cm (16 i n . )  D. A separa te   low-no ise   ampl i f ie r  

and  down-converter  are mounted a t   t h e  antenna. One 

rack-mounted  chass is   conta ins  the  receiver   pro-  

c e s s i n g   c i r c u i t r y ,   t h e  second con ta ins   t he   t he  

microprocessor-counter   and  the  th i rd  i s  a f a i l -  

safe  (battery-backup)  power  supply. 

The system i s   c o n t r o l l e d  by a Z80A processor  

o p e r a t i n g   w i t h  a 4 MHz c lock.  The processor  card, 

which i s  d e s i g n e d   f o r   t h i s   a p p l i c a t i o n ,   i n c l u d e s  

32 k -by tes   o f  RAM, 16 k o f  EPROM, 2 s e r i a l  UARTs 

(1 f o r  RS-232 and 1 for   tape) ,  9 e i g h t - b i t   p a r a l l e l  

p o r t s ,  a memory-mapped v ideo  d isp lay  generator   and 

a n   e i g h t - l e v e l   p r i o r i t y   i n t e r r u p t   s t r u c t u r e .  

Total  power  consumption o f   t h e   p r o c e s s o r   c a r d   i s  

e i g h t   w a t t s .  

Local 1/0 i s   p r o v i d e d   t h r o u g h  a p a r a l l e l  

input  keyboard  and  v ideo  display.  The v ideo 

d i s p l a y   p r o v i d e s  "warm f e e l i n g s "   t o   t h e   u s e r   b y  

cont inuously   d isp lay ing  system  s tatus.   Local   hard 

copy i s   a v a i l a b l e   t h r o u g h   t h e  RS-232. Two systems 

can  communicate w i t h  each  other  through a dedicated 

auto-answer/auto-originate modem. 

A "micro-casset te"   tape  dr ive i n   t h e   p r o c e s s o r  

chass is  i s  used t o  load/save  programs  and  data. 

Each casse t te  has a capac i t y   o f   app rox ima te l y  

50 k-bytes. 

The t i m e   i n t e r v a l   c o u n t e r   c a r d   i n   t h e   p r o c e s -  

sor chass is   he lps  keep  system c o s t   l o w   w i t h  no 

compromise i n  performance. The counter  i s  a 

s t a r t - s t o p   i n t e r p o l a t o r   t y p e  and i s   c a l i b r a t e d   b y  

the   p rocesso r   be fo re   each   sa te l l i t e   pass  measure- 

ment  begins.   Counter  resolut ion i s   0 . 1  ns. 

Absolute  accuracy i s   b e t t e r   t h a n  1 ns  (3 U). 

S i n c e   t h e   u l t i m a t e   g o a l   i s   t o   p r o v i d e  d i f -  

f e r e n t i a l   t i m e   t r a n s f e r   c a p a b i l i t y  with maximum 

accuracy, we have p a i d   p a r t i c u l a r   a t t e n t i o n   t o  

t h o s e   f a c t o r s   i n   t h e   r e c e i v e r   d e s i g n   t h a t   c a n  

r e s u l t   i n   d e l a y   v a r i a t i o n s .   F o r  example,   receiver 

bandwidth (RF and I F )  i s  much l a r g e r   t h a n  neces- 

sa ry  i f  the  goal  were s i m p l y   t o   o p t i m i z e   s i g n a l /  

no ise  per formance.   A lso,   spec ia l   a t tent ion was 

g i v e n   t o   t h e   c o r r e l a t i o n   l o o p   s e r v o   t o   m i n i m i z e  

the   e f fec t   o f   t empera tu re .   A l though  we have n o t  

per fo rmed  exhaust ive   tes ts   up   to   th is  t i m e ,  it 

appears  that   the  receiver   systemat ics  are  less 

than   k2  ns i n  a normal  room  environment  where 

tempera ture   var ia t ions   a re  on t h e   o r d e r   o f  &5 " C .  

The sof tware and  hardware  are  capable o f  

p rov id ing   ana log   az imuth  and e l e v a t i o n   o u t p u t s   t o  

s t e e r  a h igh-gain (16 dB) antenna i f  t h i s   o p t i o n  

appears   des i rab le   t o   m in im ize   t he   e f fec ts   o f  

m u l t i p a t h  on t i m i n g   a c c u r a c y .   ( T h i s   o p t i o n   i s  

ce r ta in l y   no t   necessa ry   f rom  the   s tandpo in t   o f  

S/N, s i n c e   i n  10 minutes we can  average down t o  

t h e   1 - 2   n s   l e v e l   o f   t h e   r e c e i v e r   s y s t e m a t i c s   w i t h  

t h e   p r e s e n t  quad s p i r a l  omni antenna wound on a 

2.5 cm diameter x 6 cm long  cy1   inder   w i th  a 7 cm 

ground  plane. We a r e   a b l e   t o   t r a c k   s a t e 1  1 i t e s  

down t o  a 1" e l e v a t i o n   a n g l e   w i t h   t h e  omni an- 

tenna. ) 

Software  Conf igurat ion.  The key  element i n   t h e  

performance o f   t h i s   " s t a n d - a l o n e "  GPS t i m e   t r a n s f e r  

system i s   i n   t h e   i n t e g r a t i o n  o f  the  hardware and 
software.  Since a l l   c o n t r o l  and  computation i s  

performed  by a s i n g l e  Z80A processor,   the  sof tware 

i s   r e q u i r e d   t o  b e   v e r y   e f f i c i e n t   i n   e x e c u t i o n  

t i m e ,   e s p e c i a l l y   t h e   i n t e r r u p t - d r i v e n   r o u t i n e s  

t h a t  must  perform a r e t u r n   f r o m   i n t e r r u p t   w i t h i n  

500 v s .  A key  "number-crunching"  requirement i s  

s u f f i c i e n t  numeric  accuracy t o  compute s a t e l l i t e  

p o s i t i o n   t o  1 cm. 

We chose t o   s t a r t   f r o m   s c r a t c h ,   w i t h   t h e  

deveopment o f  a 15 decimal d i g i t   f l o a t i n g   p o i n t  

package w i t h  hex i n t e r p r e t e r   f o r  number crunching 

and a u n i q u e   i n t e r r u p t   i m p l e m e n t a t i o n   i n  Z80 

assembly  language f o r   t h e   i n t e r r u p t - d r i v e n   p r o -  

grams. The t o t a l   s o f t w a r e  package  presently  stands 

a t   a p p r o x i m a t e l y  20 k - b y t e s   o f   o b j e c t  code. Th is  

represents  about 1 man-year o f  programming  time. 

There  are 7 i n te r rup t -d r i ven   p rog rams ,   p lus  

t h e   i n t e r r u p t a b l e  "number cruncher. I' The i n t e r r u p t -  

dr iven  programs  are:  
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P r i o r i t y  

1 

2 

3 

4 

5 

6 

7 

8 

Name 

Receiver 

Tape 

- 

RX 

Spare 

Keyboard 

Counter 

TX 

1Hz 

I n t e r r u p t  
Rate - 

5OHz/lkHz 

75Hz/200Hz 

150Hz 

--- 
30Hz 

30Hz 

150Hz 

1Hz 

Function 

Lock Rcvr-Track 

R e a d N r i   t e  Tape 
F i l e s  

Receive RS-232 
Data 

--- 
Read  Kbd- 
Display-Video 

Make Counter 
Measurements 

Transmit RS-232 
Data 

Run Real Time 
UTC Clock 

The in te r rup t -d r iven  programs represent a processor 

overhead t ime  of   f rom 5% t o  15%. depending upon 

what i s  happening a t  any i n s t a n t   o f  time. 

One c r u c i a l   p o i n t   i s   t h a t  a1 1 7 i n te r rup t -  

d r iven  programs and the   in te r rup tab le  number 

c runcher   a re   "a l i ve"   a t   a l l   t imes  (na tura l l y   in  a 

ti.me-slice  context). It i s   p o s s i b l e   t h a t   a t  a 

given second, the  receiver program i s  loading  the 

ser ia l   da ta  f r o m  a s a t e l l i t e  and running  the GPS 

clock,  the  tape program i s   i n  the  process o f  

w r i t i n g  a data f i l e ,  the RX program i s  decoding an 

operator command, the  counter program i s  making a 

pseudo-range measurement, the TX program i s   p r i n t -  

ing  the  hard copy r e s u l t s   o f  passes for   the  pre-  

vious 10 days, and the 1 Hz program i s  updating 

the  UTC c lock and has determined t h a t   t h i s   i s   t h e  

second t o  s top   t rack ing   the   cur ren t   sa te l l i te .  

Meanwhile, the  in ter ruptable program i s   i n  the 

process o f  computing the x,y,z coordinates o f   t h e  

s a t e l l i t e  now being  tracked. 

Receiver  Results 

Shown i n   f i g u r e  1 are  the  t ime  deviations 

between the space vehic le  c lock and the NBS re fe r -  
ence clock. The space vehic le  c lock i s  a cesium 

onboard NAVSTAR-5 and, o f  course,  the  deviations 

include  propagat ion  f luctuat ions as wel l .  One 

observes  over  the 10% minute segment of   data an 

rms t ime   f l uc tua t i on   o f  3.5 ns. Each p o i n t   i s  a 

15 S average. I n   f i g u r e  2 i s   p l o t t e d  U (t) f rac- 

t i o n a l  frequency s t a b i l i t y  and a new method (see 

Ref. 2) o f  frequency s t a b i l i t y  measurement c a l l e d  

"modif ied"  for  Mod U (T) vs. the sample time, t, 

fo r   the   da ta  shown i n   f i g u r e  1. The resu l t i ng  
analys is   ind icates  that   the random noise  process 

i n v o l v e d   i s  commonly r e f e r r e d   t o  as white  noise 
phase modulation. The i m p l i c a t i o n   o f   t h i s   k i n d   o f  

noise i s  t h a t  one could average the  t ime  reading 

down t o  an uncertainty o f  bet ter   than 1 ns f o r  

averaging  times  longer  than 3 minutes. Shown i n  

f i gu re  3 i s  a s im i la r   ana lys i s   f o r  a rubidium 

standard  onboard NAVSTAR-3, denoted space vehic le 

6 vs. the  re ference  c lock  a t  NBS and one sees 

s i m i l a r  performance.  Also p l o t t e d  on t h i s  U (t) 

diagram i s  t h e   i n f e r r e d   s t a b i l i t y   o f   t h e  onboard 

rubidium  clock. The inference  here i s   t h a t  one 

would be able t o  see t h e   c l o c k   i n s t a b i l i t i e s   f o r  

averaging  times beyond about 3000 S (roughly 1 

hour). 

Y 

Y 

Y 

Shown i n   f i g u r e  4 are  the  elevation  angles 

vs. UT t ime  for   15 June 1981 as observed f r o m  

Boulder,  Colorado and f i g u r e  4b i s  a s im i la r  p l o t  

as observed  from Washington, DC. It i s  evident 

that   there  are  several  t i m e s  over  which  the common- 

view, common-mode cancellat ion  technique can be 

used t o  do t ime  t rans fer  between Boulder and 

Washington, DC. Advantage was taken o f   t h i s   t o  

compare the  clocks between NBS and USNO. Figure 5 

i s  a p l o t  o f  those  t ime  d i f ferences  u t i l iz ing  the 

average o f   the  t w o  r u b i d i u m  and the two  cesiums 

onboard NAVSTAR-3, 4,  5 ,  and 6 ,  respect ively.  

Since  the  d i f ferent ia l   delay between the two 

receivers was not known, a p o r t a b l e   c l o c k   t r i p  

over 25-30 May 1981 was used t o   c a l i b r a t e   t h e  

d i f f e r e n t i a l   d e l a y   b e f o r e   p l o t t i n g   t h e   r e s u l t s   i n  

f i g u r e  5. 
The t ime  d i f ference as obtained  across  the 

f o u r   s a t e l l i t e s  as compared t o   t h a t  by portable 

c lock  d i f fered  by  approximately 335 ns. The 

reason f o r   t h i s   d i f f e r e n c e   i s   n o t  known. It i s  

poss ib le   that  it i s   i n  how t ime i s  defined i n   t h e  

pseudo-random code by the  designers  of  the  receiver 

used a t  USMO vs. the NBS design. The next  obvious 

step, o f  course, i s  t o  b u i l d  two ident ica l   re -  

ceivers, and compare them side-by-side. It i s  
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f u l l y   b e l i e v e d  and expected t h a t   t h i s   d i f f e r e n c e  

will disappear, o r   a t   l e a s t  be reduced t o   t h e  

order o f  a f e w  nanoseconds. 

The agreement, when taken  across  the  satel- 

l i t e s ,   i n   t h e  measure o f   the  t i m e  di f ference 

UTC(USN0) - UTC(NBS) on any day on the average was 

6.5 ns,  which  would y i e l d  a  standard  deviat ion  of  

the mean o f  about  3 ns. This i s  very  close t o  the 

c lock  noise f o r  a sample t ime  o f   on ly  one day! 

The frequency d i f fe rence averaged  over 1 5  days 

between UTC(USN0) and UTC(NBS)  was measured inde- 

pendently  using each o f  the above f o u r   s a t e l l i t e s  

and the  values were as f o l  lows: 

NAVSTAR 

3 
4 
5 
6 

Average 

YUTC(USNO) - UTC(NBS) 

-4.0  x 

-3.7 x 
-4.4  x  10 

- 14 

-4.0  x loql4 

-4.0 x 10-l~ 

The standard  deviat ion  of  the mean i s  0.14  x 

This i s   a t   l e a s t  two orders o f  magnitude b e t t e r  

than  the  resul ts   that  can  be obtained  using 

Loran-C. 

Conclusions 

We have p r e l i m i n a r i l y  demonstrated tha t   a  

low-cost,  high-accuracy GPS C/A receiver can  be 

b u i l t ,   t a k i n g  advantage o f  simultaneous common 

view o f  the same s a t e l l i t e .   T h i s  appears t o  

potent ia l ly   a l low  t ime  t ransfer   wi th   accurac ies  o f  

the  order o r  or   less  than 10 ns for   basel ines as 

la rge  as 3000 ki lometers, and frequency  can be 

measured to   be t te r   than 1 p a r t   i n  10 . With 

fur ther  studies  of   the  propagat ion  delays,   th is 

l e v e l   o f  accuracy  should be able t o  be extended on 

an in ternat ional   bas is .  It i s  fo r tunate   tha t  many 

o f  the key laborator ies  involved  wi th  accurate 

t i m e  and frequency  are a t   h igh   la t i tudes .   Th is  

a f fo rds  simultaneous common view between  such 

s i t e s  as NBS, Boulder and New Delh i ,   Ind ia and 

USNO, Washington, DC and Radio Research 

Laboratories (RRL), Tokyo, Japan. This seems 

s u p r i s i n g   a t   f i r s t ,   b u t  upon ca l cu la t i on  becomes 

obviously  doable.  This  level  of  national and 

in te rna t iona l   t ime  t rans fer  accuracy, o f  course, 
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affords  also  excel lent  frequency  transfer  accuracy 

a t  nominal s ta te -o f - the-ar t   leve ls .  These resu l t s  

have p o t e n t i a l l y   s i g n i f i c a n t  impact on ass is t ing  

the  moni tor ing  s ta t ions  for  GPS, on syntonizing 

the  t rack ing  s ta t ions f o r  the  Jet  Propulsion 

Laboratory (JPL) Deep-Space Network, and f o r  doing 

fundamental t i m e  and frequency comparisons f o r  the 

i n te rna t i ona l  t i m e  scale and between primary 

frequency  standards  laboratories. Any fu tu re  

app l i ca t ions   l i ke   the  above, o f  course, depend on 

GPS remain ing  operat ional ly   ava i lab le  a t   bet ter  

than  the  current  levels o f  accuracy. A t  the 

present  time, we do no t  know whether t h i s  will o r  

will not be true. 
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Fig. 1. A plot  of  the  time  deviations  between  a  cesium  clock  onboard  the GPS 

satellite,  NAVSTAR-5, vs. the NBS reference clock. Each point is a 
15 S average. The m s  across  the  data  set  was  3.5 ns. 
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Fig. 2. A plot of the  fractional  frequency  stability of the  data  shown in 
Fig. 1. Namely of the  cesium in Space  Vehicle No. 5 of the GPS 
constellation.  The  ordinate is double-valued  for both U (I) and 
M o d  U (T) as explained in Ref. 2. The  noise is well-modeled by 
white  noise PM at a level of 3.5  ns for  15 S averages. This  noise 
is consistent  with  a  meaningful  usage  of  the  standard  deviation  of 
the  mean,  which  for  this  data set is  0.5  ns. 
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Fig. 3. Fractional  frequency  stability  plot  for U Y ( x )  and  Mod uy(r> of a 
rubidium  clock  in  Space  Vehicle 6 onboard NAVSTAR-3 as  a  function  of 
sample  time, t, as  explained i n  Ref. 2. Note  also  the  estimated 
level  of  noise  of  the  rubidium  clock. 

GPS Elevation Angles 

15 81 UT (hours) 
Fig. 4a. A plot  indicating  the  elevation  angles  for  the  various  Satellites  in 

the GpS constellation  as  a  function o f  hours UT on 15 June 1981 as 
observed i n  Boulder,  Colorado. 
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Fig. 4b. A similar plot to Fig. 4a only  as  observed from Washington, D.C. 
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Fig. 5. A plot  of  the  time  difference  between UTC(USN0) and UTC(NBS) via an 
average  of  the  four GPS satellites NAVSTAR-3, -4, -5, -6. The  error 
bars  are  the  average  standard  deviation  taken  across  the  four  satel- 
1 i tes. 
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